We report here that wild-type Escherichia coli grows on N-acetylmuramic acid (MurNAc) as the sole source of carbon and energy. Analysis of mutants defective in N-acetylglucosamine (GlcNAc) catabolism revealed that the catabolic pathway for MurNAc merges into the GlcNAc pathway on the level of GlcNAc 6-phosphate. Furthermore, analysis of mutants defective in components of the phosphotransferase system (PTS) revealed that a PTS is essential for growth on MurNAc. However, neither the glucose-, mannose/glucosamine-, nor GlcNAc-specific PTS (PtsG, ManXYZ, and NagE, respectively) was found to be necessary. Instead, we identified a gene at 55 min on the E. coli chromosome that is responsible for MurNAc uptake and growth. It encodes a single polypeptide consisting of the EIIB and C domains of a so-far-uncharacterized PTS that was named murP. MurP lacks an EIIA domain and was found to require the activity of the crr-encoded enzyme IIA-glucose (EIIA Glc ), a component of the major glucose transport system for growth on MurNAc. murP deletion mutants were unable to grow on MurNAc as the sole source of carbon; however, growth was rescued by providing murP in trans expressed from an isopropylthiogalactopyranoside-inducible plasmid. A functional His 6 fusion of MurP was constructed, isolated from membranes, and identified as a polypeptide with an apparent molecular mass of 37 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis. Close homologs of MurP were identified in the genome of several bacteria, and we believe that these organisms might also be able to utilize MurNAc.
disaccharide, previously assigned to the cryptic cellobiose operon, were identified as components EIIB, -C, and -A of a phosphoenolpyruvate (PEP)-dependent PTS specific for N,NЈ-diacetylchitobiose (chbBCA), an N,NЈ-diacetylchitobiose-inducible repressor (chbR), a phospho-N,NЈ-diacetylchitobiose phosphorylase (chbF), and a gene of unknown function (chbG).
Furthermore, uptake and degradation of GlcNAc have been described extensively in E. coli. The nag operon (nagEBADC) is involved in GlcNAc transport and metabolism (29) . nagE encodes a permease responsible for the transport and phosphorylation of GlcNAc (19) . The NagE molecule contains the complete GlcNAc-specific PTS components EIIA, -B, and -C on a single polypeptide. GlcNAc is transported via EIIC, and phosphate is subsequently transferred from EIIA via the EIIB component onto the C6-hydroxyl group of the imported GlcNAc molecule. EIIA itself is phosphorylated by PEP, involving the general enzymes of the PTS cascade (EI and HPr). The product, GlcNAc 6-phosphate, is then deacetylated and further deaminated by the enzymes NagA and NagB, yielding fructose 6-phosphate, which enters glycolysis. NagC acts as a repressor of GlcNAc catabolism and as an activator of the UDP-GlcNAc anabolic pathway (26, 27) .
To date, there is no information available concerning MurNAc as a carbon source; however, it has been known for a long time that E. coli breaks down almost half of its murein sacculus in each generation (8, 9) . During enlargement of the cell wall, new material has to be synthesized and integrated into the existing sacculus. This is accomplished by the concerted action of synthetic and lytic enzymes in a sophisticated process presumably involving a multienzyme complex that enables the safe insertion of new material in the stress-bearing cell wall without the risk of lysing the cell (42) . It is believed that continuous murein turnover is intrinsically connected to the process of cell elongation and division. The cell wall peptides are efficiently reutilized, without further degradation (i.e., recycled), to form new murein (24, 25) .
Recently, evidence was provided to suggest that recycling of cell wall sugars occurs in E. coli (23) . However, turnover of the murein sacculus in E. coli involves lytic transglycosidases, i.e., autolysins that do not cleave the glycan chain hydrolytically, as lysozyme does, but introduce an intramolecular glycosidic bond to yield 1,6-anhydro-N-acetylmuramic acid rather than the free sugar (12) . The peptidyldisaccharides GlcNAc ␤-(1,4)-anhydro-MurNAc, with L-alanyl-D-glutamyl-meso-diaminopimelic acid attached to the carboxyl group of MurNAc and with zero, one, or two D-alanine residues linked to the Lanomer of diaminopimelic acid, are taken up by the secondary transporter AmpG (5) and further degraded within the cytoplasm by an N-acetylglucosaminidase, NagZ (4, 43) ; by an amidase, AmpD (14) ; and by an L,D-carboxypeptidase, LdcpA (39) . The further processing of the turnover product, anhydroMurNAc, is unknown, as is the degradation of free MurNAc.
In this work we investigated the growth of E. coli on MurNAc and identified a previously uncharacterized phosphotransferase system (named MurP) that is involved in the uptake and catabolism of MurNAc.
MATERIALS AND METHODS
Materials, media, and growth conditions. Reagents for DNA purification were obtained from Qiagen (Hilden, Germany); restriction endonucleases, ligase, and polymerase were obtained from New England Biolabs (Beverly, Mass.) and Roche/Boehringer (Mannheim, Germany). E. coli strain BL21 and His-binding metal chelation resin were from Novagen (Madison, Wis.). Oligonucleotide primers were from MWG Biotech (Ebersberg, Germany). DNA sequencing was performed by GATC (Konstanz, Germany). Growth medium components were obtained from Difco. GlcNAc, MurNAc, antibiotics, vitamins, and amino acids were from Sigma (Taufkirchen, Germany). The expression vector pCS19 was previously constructed by introducing a lacI q gene into pQE60 (Qiagen) to allow constitutive expression of the lac repressor (36) . The GenBank database and Swiss-Prot database were used for nucleotide and amino acid sequence searches, and the basic local alignment search tool (BLAST) was used for multiple sequence alignment.
E. coli strains were grown at 37°C on minimal medium A (MMA) (22) containing 0.2% carbon source (i.e., 11.1 mM glucose; 9.0 mM GlcNAc; 6.8 mM MurNAc; 21.7 mM glycerol; 5.3 mM trehalose) and supplemented with 5 g of thiamine and 40 g of amino acids per ml if required. A stock solution of 2% MurNAc (68.2 mM) in water was adjusted with KOH to pH 7 and filter sterilized before use. Mini-agar plates (2.6-cm radius) supplemented with 0.1 or 0.2% (wt/vol) MurNAc were used to test cell growth on agar plates. Growth kinetic experiments were performed as follows: 5 to 10 ml of MMA plus 0.2% carbon source and additives was inoculated with an exponential-phase culture (previously washed twice in minimal medium) to reach an optical density at 578 nm of about 0.04. Growth was performed in 100-ml flasks at 37°C under continuous shaking. Changes in turbidity of the cultures were monitored by assaying 60-l aliquots of medium in disposable microcuvettes (UVette; Eppendorf, Hamburg, Germany) at 578 nm. Expression of MurP from plasmids pCS19YfeV and pCS19YfeV-His 6 was achieved by growing E. coli BL21 cells in Luria-Bertani broth containing ampicillin (100 g/ml). The E. coli strains and plasmids used in this work are listed in Table 1 .
Construction of transporter deletion mutants. We used a combination of the protocols for homologous gene replacement (6, 47) to introduce a site-specific insertion of a kanamycin resistance cassette (Km r ) into yfeV, now named murP. Primers that contained 3Ј-end sequences complementary to the first or last 20 bp Linear DNA that carries the kanamycin resistance cassette of plasmid pKD4 and the homologous regions of the E. coli chromosome was generated by PCR. The PCR mixture contained 0.8 M primers and 0.2 mM concentrations of the four desoxynucleoside triphosphates in 100 l of DNA polymerase buffer. About 5 ng of plasmid DNA (pKD4) was added to the PCR mixture. The reaction mixture was heated to 95°C, and then 1 l of Pwo DNA polymerase was added. Thirty PCR cycles (60 s at 94°C, 30 s at 56°C, and 90 s at 72°C) were performed in a thermal cycler and revealed a single 1.6-kb fragment, as analyzed by agarose gel electrophoresis. The linear PCR fragment was transformed by electroporation with a GenePulser (Bio-Rad, Munich, Germany) into strain DY330 (47) . This strain carries a defective prophage, and expression of the red recombinase genes for 15 min at 42°C allows recombination of linear DNA fragments into the chromosome.
By P1 transduction, the yfeV::Km r insertion from CM99 was introduced into strains MC4100 and KM553, resulting in strain CM100 (MC4100 yfeV::Km r ) and two KM553 derivatives, CM101 (yfeV::Km r glk::cm ptsHIcrr ϩ ) and CM102 (yfeV::Km r glk::cm ⌬ptsHIcrr). The kanamycin resistance cassette was eliminated from strain CM100 with the Flp recombinase provided from plasmid pCP20 (6) . The resulting strain, CM103, contained a pKD4 scar in the place of murP (Fig.  5 ). Colony PCR was performed to confirm the site-specific insertion and deletion of murP in strains CM99 and CM103.
Construction of plasmids pCS19YfeV and pCS19YfeV-His 6 and overexpression of the encoded His 6 fusion protein. DNA preparations, restriction enzyme digests, ligation, and transformations were performed by standard techniques. The gene yfeV was amplified by PCR with genomic DNA from E. coli K-12 MG1655 (genomic sequencing strain) and the following oligonucleotide primers, based on the published gene sequence (1): yfeV BamHI/F, AACCATGGGAG GATCCGCCAAAGAGATCAGCAGTG-3Ј; and yfeV BglII-HindIII/R, TTC CCAAGCTTAAGATCTGTCCAGATTGACGTTACGG-3Ј.
The PCR mixture contained 0.8 M primers and 0.2 mM concentrations of the four desoxynucleotides in 100 l of DNA polymerase buffer. About 100 ng of genomic DNA was added to the PCR mixture. The reaction was heated to 95°C, and then 1 l of Pwo DNA polymerase was added. Thirty PCR cycles (45 s at 94°C, 45 s at 56°C, and 90 s at 72°C) were performed in a thermal cycler and revealed a single 1.4-kb fragment, as analyzed by agarose gel electrophoresis. The fragments were subsequently cloned into pCS19 vector in two ways: digestion with BamHI and BglII for cloning of a C-terminal His 6 fusion protein and digestion with BamHI and HindIII for cloning the native protein. The opened vector was dephosphorylated with alkaline phosphatase and purified prior to ligation.
Expression of YfeV and separation of the protein extracted from the membrane fraction. E. coli MC4100 carrying pCS19YfeV-His 6 was induced with isopropylthiogalactopyranoside (IPTG) and grown for an additional 3 h. IPTGinduced cells from a 200-ml Luria-Bertani broth culture were collected by centrifugation and resuspended in a minimal volume of buffer (20 mM Tris-HCl). The cells were ruptured by passing them three times though a French pressure cell. Debris and unbroken cells were removed by centrifugation at 30,000 ϫ g for 30 min. The supernatant was then centrifuged at 130,000 ϫ g for 1 h to collect the membrane fraction. The membrane fraction was boiled for 5 min in Laemmli sample buffer to solubilize membrane proteins, which were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to fluoropolymer membranes (Fluorotrans; Pall GmbH, Dreieich, Germany) and analyzed with antihistidine-horseradish peroxidase conjugates with the QIAexpress detection kit according to the manufacturer's protocol (Qiagen, Hilden, Germany).
RESULTS
E. coli grows on MurNAc. We found that MurNAc is utilized as the sole source of carbon and energy by E. coli K-12 and B derivatives and several other bacteria (Salmonella enterica serovar Typhimurium LT2, Bacillus subtilis, and Enterococcus faecalis; data not shown). However, growth of E. coli on MurNAc was slow compared to growth on GlcNAc and glucose ( Table 2 ). The doubling time for E. coli MC4100 growing on MurNAc in minimal medium at 37°C with continuous shaking was determined to be about four times longer than for growth on glucose or GlcNAc. MurNAc depletion from the growth medium was observed by high-pressure liquid chromatography analysis and indicates uptake of MurNAc by E. coli cells (data not shown).
Convergence of the MurNAc and the GlcNAc degradation pathways. Mutant strains interrupted in the degradative pathway for GlcNAc (deletion of the entire nag operon, ⌬nagEBADC; deletion of the GlcNAc 6-phosphate deacetylase, ⌬nagA; and deletion of the glucosamine-6-phosphate deaminase, ⌬nagB) were found to be unable to utilize MurNAc as the sole source of carbon and energy (Table 3) . However, a mutant deficient in glucose 6-phosphate isomerase (pgi) that was not able to utilize glucose efficiently (2) was able to grow on MurNAc and GlcNAc. It can be concluded that the MurNAc and GlcNAc metabolism pathways merge on the level of GlcNAc 6-phosphate, which implies that MurNAc is phosphorylated in the process and that the lactyl ether substituent is cleaved off prior to deacetylation and deamination (Fig. 1) .
MurNAc is transported by a PTS. Mutants defective in ptsIHcrr (encoding EI, HPr, and EIIA Glc ) were unable to grow on MurNAc. This strongly suggests the involvement of a PTS in MurNAc transport. Since GlcNAc transport and phosphorylation are mediated by the nagE-and the manXYZ-encoded PTS, we tested E. coli nagE manXYZ mutants for growth on MurNAc. Strains LR2-167 (nagE manXYZ) and LR2-168 (nagE manXYZ ptsG) were unable to grow on GlcNAc and were deficient in utilization of glucose, whereas they grew normally on MurNAc (Table 4) . Hence, neither nagE, manXYZ, nor ptsG is responsible for MurNAc uptake and phosphorylation.
It should be noted that after prolonged incubation (Ͼ24 h) of strains LR-2-167, LR-2-168, and LM1 on MMA-GlcNAc or 
a Growth rates on MMA supplemented with 0.2% carbon source (plus thiamine, arginine, and histidine) were classified as follows: ϩϩ, fast growth, colonies visible within 1 day at 37°C; ϩ, slow growth, small colonies visible within 1 day but clearly visible within 2 days; (ϩ), residual growth, small colonies visible within 2 days; Ϫ, no growth. Only relevant genotypes are indicated.
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MMA-MurNAc, few colonies appeared (Tables 4 and 5 ). Since the deficiency of nagE, manXYZ, and crr in these strains is the result of point mutations only, a high frequency of back-mutations is expected. When transferred to fresh agar plates, the strains grew as well as if there were no mutations in these genes, and we believe that the colonies represent revertants.
EIIA
Glc dependence of the MurNAc-PTS. Interestingly, strain LR-2-168 (nagE manXYZ ptsG) was found to grow on MurNAc, whereas strain LM1 (nagE manXYZ crr) did not grow on this carbon source. The difference between LR2-168 and LM1 is that in the first strain, the mutation affects the EIIB and -C components of the glucose-PTS, while in the latter the mutation affects the EIIA component. This indicates that the putative MurNAc-PTS might be dependent on EIIA Glc . However, reduced uptake of MurNAc in the crr strain could possibly be explained by a repression effect involving the catabolite gene activator protein (CAP). EIIA Glc in its phosphorylated form stimulates adenylate cyclase (cya) to produce cyclic AMP (cAMP), required for activation of cAMP-and CAP-dependent transcription (30) . We increased the growth of LM1 on the control substrate glycerol by adding cAMP to the medium but found that the strain was still unable to grow on MurNAc (Table 5) .
We also constructed strains that contain a mutation in CAP, which renders them independent of cAMP binding (crp‫)ء‬ and additionally carry deletions in the genes encoding adenylate cyclase (cya) and EIIA Glc (crr). These strains were also unable to grow on MurNAc; however, these strains grew on glycerol as the sole source of carbon, confirming the EIIA Glc independence of glycerol metabolism. A dependency on EIIA Glc has been found previously for the trehalose-PTS (treB) (18) , and therefore our intention was to use trehalose as a substrate for negative control. Strain JJ3 (⌬cya crp‫ء‬ ⌬crr::Km r ) showed residual growth in the absence of EIIA Glc caused by hydrolysis of trehalose by the periplasmic trehalase, TreA (18) , and a strain (CM1) that additionally carries a deletion in treA was constructed. Indeed, strain CM1 did not grow on trehalose or on MurNAc, proving the EIIA Glc dependence of both PTS. Strain CM1 was able to grow on GlcNAc, and residual growth on glucose independent of a functional glucose-PTS has been described (11) .
Genomic database search for a possible PTS-EIIBC. A genomic database search revealed a candidate PTS-EIIBC (b2429, Swiss-Prot P77272) (Fig. 2, YFEV_ECOLI) . This gene was predicted to contain solely an EIIBC domain and was classified as a glucose-glucoside PTS (TC no. 4.A.1) according to the system of Saier and others (38) . YfeV showed high 
Growth rates on MMA supplemented with 0.2% carbon source (plus thiamine, methionine, arginine, and histidine) were classified as defined in Table 3 , footnote a.
b Revertants appeared after prolonged incubation (see the text for explanations). 
a Growth rates on MMA supplemented with 0.2% carbon source (plus thiamine, methionine, arginine, and histidine) were classified as defined in Table 3 , footnote a.
b ND, not determined. c Revertants appeared after prolonged incubation (see the text for explanations).
similarity (79% overall amino acid sequence similarity according to the BLAST sequence alignment tool) with a putative sucrose PTS from Vibrio cholerae (PPTS_VIBCH) and 50 to 60% similarity with a putative sucrose PTS from Bacillus spp. (Bacillus cereus, YBBF_BACCE; Bacillus subtilis, YBBF_BACSU), Salmonella spp. (Salmonella enterica serovar Typhi, PPTS_SALTY; Salmonella enterica serovar Typhimurium LT2, PPTS_SALTM) as well as Lactococcus lactis (PPTS_LACLA) and Enterococcus faecalis (PPTS_ENTFA). The sucrose PTS of S. enterica serovar Typhimurium LT2 (PTSB_SALTM) and Klebsiella pneumoniae (PTSB_KLEPN) showed 53% overall sequence similarity. Furthermore, some 40% sequence similarity was observed with the trehalose PTS (TREB_ECOLI) and the EIIBC portion of the cryptic ␤-glycoside PTS (BGLF_ECOLI) of E. coli. Interestingly, genes nearly identical to yfeV could be found within the genome of other E. coli strains (E. coli O157: H7; YFEV_H157:H7 and E. coli O6) and also within the Shigella flexneri chromosome (YFEV_SHIFL). The Shigella protein was 100% identical on the amino acid level and 98% identical on the nucleotide level to the E. coli protein.
yfeV knockout mutants fail to grow on MurNAc. We constructed a genomic yfeV (murP) deletion mutant in strain DY330 by a combination of the methods developed by Donald Court and coworkers (47) and Datsenko and Wanner (6) . The yfeV::Km r deletion was introduced into strains MC4100 and KM553 by P1 transduction, resulting in strain CM100 (MurP Ϫ ) and two KM553 derivatives, CM101 (MurP Ϫ , Glk Ϫ , and PTS Ϯ ) and CM102 (MurP Ϫ , Glk Ϫ , and PTS Ϫ ). Recombination of the DNA portion carrying yfeV::Km r from the transducing P1 phage resulted in both upkeep and correction of the ptsHI crr deletion of strain KM553. A cotransduction frequency of about 50% was observed, consistent with the distance between ptsHI crr and yfeV of 0.3 min on the E. coli chromosome. The kanamycin resistance cassette was eliminated from strain CM100 with the Flp recombinase from plasmid pCP20 (6) . The resulting strain, CM103, carries only the characteristic "scar" sequence in place of yfeV (see Fig. 5 ). All deletion mutants of yfeV constructed were found to be unable to grow on MurNAc. There was no difference between yfeV::Km r strains CM101 and CM102, although the first strain had deletions in essential PTS genes and the second strain did not.
Growth was rescued by providing yfeV in trans. Gene yfeV was amplified by PCR and cloned into the expression vector pCS19 (a derivative of the commercial vector pQE60 from Qiagen, containing a constitutionally expressed lacI q ). The cloning was performed in two ways, which allows IPTG-induced overexpression of native YfeV (MurP) enzyme as well as a C-terminal YfeV (MurP)-His 6 fusion protein in E. coli. murP deletion strains were rescued for growth on MurNAc by providing the MurNAc-PTS in trans, expressed from these plasmids. The complementation of the MurNAc phenotype was found to be dependent on IPTG (Fig. 3) : only slow growth Expression of YfeV and Western blot analysis. E. coli MC4100 carrying pCS19YfeV-His 6 was induced with IPTG and grown for an additional 3 h. Membrane vesicles were isolated as described above, and membrane proteins were separated by SDS-PAGE. Subsequent blotting onto fluoropolymer membranes allowed detection of the His 6 -tagged fusion protein, YfeV-His 6 , with antibodies. We found that YfeVHis6, a protein with a theoretical molecular mass of 50 kDa, ran in SDS-PAGE with a mobility similar to that of the 37-kDa marker (Fig. 4) . It is known from the literature that membrane proteins show mobilities not consistent with that of soluble globular proteins (7), but we cannot exclude possible proteolytic degradation of the MurP protein. A faint band of approximately 95 kDa was also observed that might represent a multimeric form of MurP or a complex of MurP with soluble PTS components.
DISCUSSION
Although MurNAc represents a major natural compound, it was not known until now whether any organism can utilize this ubiquitous sugar or how it is degraded. We found that E. coli and other bacteria are indeed able to utilize MurNAc as a sole source of carbon and energy. However, growth rates were about four times lower than with favorable sugars (glucose and GlcNAc), indicating a less energy-efficient degradation pathway. Although overexpression of the transport system (MurP) from a plasmid increased the growth rate to some extent (see Fig. 3 ), the amount of MurP did not seem to be the major factor that limited growth. The further degradation of MurNAc 6-phosphate via a hypothetical etherase possibly represents the rate-limiting step in MurNAc degradation. A prolonged lag phase for growth on MurNAc in minimal medium was observed compared to the growth on glucose or GlcNAc (Fig. 3) . The lag period was found to be unchanged when cells previously grown to stationary phase on MurNAc were used to inoculate fresh minimal medium supplemented with MurNAc. This shows that a mutation is not required for induction of the MurNAc utilization pathway, and the system therefore cannot be judged as a cryptic or silent system. However, overexpression of the transport system from an IPTGinducible plasmid abolished the lag period observed for growth of wild-type E. coli on MurNAc. It can be concluded that MurNAc or a product of its processing (e.g., the phosphorylated form) might not be sufficient to fully induce the MurNAc degradation system. Cells growing on MurNAc reached maximal densities of only 1.8 (optical density at 578 nm) compared to 2.7 for growth on glucose and GlcNAc (Table 2 ). An explanation could be that at higher optical densities, oxygen becomes rate limiting and an oxygen dependency for growth on MurNAc can be postulated either for maximal energy recovery or by an oxygen-dependent degradation step. Growth of batch cultures indicated that oxygen indeed might be necessary for growth on MurNAc. Another explanation for early entry into stationary phase is the accumulation of fermentation products such as acetate or lactate that are produced during removal of the lactyl ether substituent of MurNAc.
MurP contains only the PTS domains EIIB and -C on the polypeptide chain. It therefore requires an EIIA molecule for function. Dependence on the glucose-specific EIIA (EIIA Glc ) was found for members of the glucose-glucoside family of PTS (4.A.1) (38): e.g., the trehalose PTS TreB (18) of E. coli and the plasmid-encoded sucrose PTS Scr (20) . We found that crr, encoding EIIA Glc , is also required for growth on MurNAc. However, it is known that a crr deletion results in continuous catabolite repression because of unstimulated adenylate cyclase and consequently repression of genes dependent on cAMP/CAP activation. We therefore tested a crp‫ء‬ mutation yielding a protein that is independent of cAMP stimulation (33) . A crr crp‫ء‬ strain was still not able to grow on MurNAc, and this result unequivocally confirms the EIIA Glc dependence of MurP. Searching the E. coli GenData base for a possibly EIIA Glcdependent PTS involved in MurNAc metabolism revealed a possible candidate, yfeV. We show, by testing chromosomal deletion mutants and rescuing growth by providing the PTS on a plasmid, that YfeV (now named MurP) was responsible for growth on MurNAc as the sole source of carbon.
The 1,424-bp open reading frame (ORF) identified as murP starts with an ATG codon and ends with a TGA stop codon. A putative ribosome-binding site (Shine-Dalgarno sequence) was found 7 bases upstream from the start codon. murP is very likely part of an operon flanked by genes of unknown function (Fig. 5, top ). An ORF upstream of murP ends three bases before its start codon (yfeU), while another ORF downstream of murP starts four bases after its stop codon (yfeW). This putative operon may be transcribed from two divergently oriented promoters that are positioned face to face (Fig. 5) , resulting in transcripts that might overlap in a stretch of 18 bp. The ORF in the upstream direction contains a helix-turn-helix motif near the N terminus, a binding domain found in many sugar phosphate isomerases and sugar phosphate-binding proteins (SIS motif), and displays homology with regulators of the ribose repressor (ripR) family. In the other direction of transcription, as mentioned above, murP lies between two additional ORFs. The first shows similarity with mammalian glucokinase regulatory proteins and also contains a sugar phosphate-binding motif. Interestingly, the last ORF in the row displays similarity with ␤-lactamases and penicillin-binding proteins. Deletion of the latter gene conferred no detectable phenotype (data not shown).
The putative operon is entirely missing at this position in Salmonella enterica serovar Typhimurium LT2 and Salmonella enterica serovar Typhi; however, it was found at this position on the Shigella flexneri chromosome. We identified an ORF displaying high sequence similarity with murP elsewhere on the chromosome of Salmonella enterica serovar Typhimurium LT2 that might explain growth of this organism on MurNAc (Fig.  2) . Since Escherichia, Salmonella, and Shigella are closely related organisms, it might be speculated that the insertion of the putative MurNAc operon into the E. coli chromosome is the result of a horizontal gene transfer event. Genes displaying high sequence similarity with murP and the other genes of the putative MurNAc operon were also found on the Bacillus subtilis chromosome. Interestingly, these genes are linked to a homolog of nagZ, encoding the ␤-N-acetylglucosaminidase of E. coli that was found to be involved in the hydrolysis of cell wall recycling products (4) . It can be presumed that Bacillus possesses a MurNAc degradative pathway similar to that of E. coli. However, NagZ of E. coli was found to be located within the cytoplasm and is believed to cleave the cell wall recycling product GlcNAc-anhydro-MurNAc and peptidyl-substituted derivatives (4, 43) , yielding intracellular GlcNAc and anhydroMurNAc. The NagZ homolog of Bacillus subtilis, however, is predicted to possess a signal sequence and to be lipid anchored and oriented towards the exterior. We believe that this enzyme releases MurNAc that can be taken up by a PTS rather than anhydro-MurNAc. Interestingly, a recent PTS survey within the genome of Bacillus subtilis identified the close homolog of MurP as an uncharacterized PTS of the sucrose-permease family (31); however, MurP itself has not been mentioned in the recent PTS survey within the genome of E. coli (38) .
Close MurP homologs have been found within the genomes of several bacteria (Fig. 2) . As MurNAc represents half of the repeating backbone of peptidoglycan of nearly all bacteria, the ability to degrade MurNAc is expected to be widely distributed among all bacterial niches. We are currently investigating how MurNAc is degraded further and if there is a connection between MurNAc utilization and cell wall recycling in E. coli.
